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CHAPTER I
INTRODUCTION AND OVERVIEW

1.1

Introduction: Energy Need and Batteries

In the age that we live in today, energy has become the most prominent aspect of
modern living, convenience, and the standard of living many people enjoy and even
more aspire to. Moreover in the past two centuries, scientific and technological
innovations have improved to a great deal which again is largely dependent on the use
of energy.
In the current situation, energy has been derived mainly from the discovery and
exploitation of fossil fuels. Although they are stable, inexpensive and produce a
significant amount of energy, they are non-renewable. That is, it exists in limited supply
and cannot be readily replaced by natural means. These energy sources are formed from
the organic material over the course of several hundred millions of years. Considering
the current fossil fuel consumption rate, it is feasible that these non-renewable energy
sources will not take long to be completely exhausted from earth or simply inaccessible
at a competitive price. Furthermore, the environmental and human health hazards posed
by the by-products, escalating and unpredictable cost of fuel, and the long-term impact
of carbon emissions on global climate present key challenges in the 21st century. These
challenges push scientists and researchers all over the world to find scientific and
technological solutions for shifting energy production from burning fuel to clean and
1

secure alternative energy sources that could meet the world’s ever-growing energy
demand.
The major alternative energy sources are derived from the hydro-electric, wind and
nuclear power plants, and to a great extent from renewable sources. Energy from the
hydro-electric power station is reliable, flexible and most important, safe. But it is built
only on suitable reservoirs, and it becomes costly to transmit power over limited
distances. Like hydro-electric power, the wind is also clean energy and can supply
energy to very remote places where it is not affordable to transmit energy. But this
energy source is not reliable since the strength of the wind varies from zero to storm
force, and thus, wind turbines may not produce the same amount of electricity all the
time. Although nuclear energy has the potential to meet the energy demand, it suffers
from long-term storage of waste that will remain radioactive for thousands of years.
Thus, it concerns the safety issues. Renewable sources of sun, waves or wind can offer
great quantities of sustainable energy, but they also have intermittent and cyclic nature.
For these energy sources to efficiently integrate into the grid powerful energy storage,
i.e. high-energy batteries, are needed. Even for the conventional power plants when the
variability of origin is properly balanced with significant variability in demand with the
help of these high-energy batteries, i.e. load leveling, it can dramatically improve
energy efficiency, security and reliability while reducing hazardous emissions from
large fluctuation in demands.
Recent years have shown remarkable progress in the development of harvesting
sustainable energy technology, e.g., photovoltaic cells [1,2], photo-thermal receivers
[3] and better wind turbines [4], whereas the development of storage devices is still
lagging far behind. A good example would be the battery life of new smartphones (1216 hr) when compared to the basic-featured phone (24-48 hr). Technology seems to be
2

progressing as it should, but the storage devices could not keep up its pace. Hence,
storing sustainable energy with prolonged cycle life, long-term stability, and meeting
environmental safety standards is a key challenge in the development of batteries. Even
in the portable electronics sector such as mobiles and laptops where battery functions
as a primary power source, optimization of the battery greatly impacts the performance,
reliability and portability of these devices.
There are many different types of batteries, but only a few came out to be a commercial
success depending on the need of the market. Nickel Cadmium (NiCd) batteries were
developed in 1899 and is used where economic price, long life, high discharge rate are
significant. But it suffers from relatively low energy density and environmental
unfriendliness. The Nickel-Metal Hydride (NiMH) battery, which was invented in
1967, contains no harmful metals and has a higher energy density compared to the NiCd
but comes with the reduced cycle life. Although lead acid batteries pose weight
concerns, it was a huge success in places where load shedding is frequent considering
its larger power applications in most economical way. It was invented in 1859 and is
oldest rechargeable battery ever developed. But with a high theoretical energy density
(both gravimetric and volumetric) and light weight of lithium metal [5–7], the lithiumion battery (LIB) has emerged as a key player in the market for energy storage devices.
While the LIB has made many advances since its introduction, there is still room for
improvement in developing more energy dense, safe and low-cost Li-ion batteries in
future [8–11].

3

1.2

Elementary Battery Concepts

A battery is a device that converts stored chemical energy into electrical energy using
an electrochemical reduction-oxidation (redox) reaction. It comprises of primarily a
negative electrode, positive electrode, separator, and an electrolyte, which is a solvent
containing known dissolved salt.

a. Negative electrode
The anode, or negative electrode, is where an oxidation reaction occurs. Oxidation is a
chemical process where a molecule loses one or more electrons. A typical reaction for
the negative electrode of a Li-ion battery is shown below,
𝐿𝑖𝑥 𝐶6 ↔ 𝐿𝑖 + + 𝑒 − + 𝐶6
Where 0 ≤ x ≤ 1 is a fractional measure of the amount of lithium lithiated/de-lithiated
within the electrode. This reaction demonstrates the process of intercalation and deintercalation where lithium is stored and removed in/from the solid portion of the
electrode respectively.

b. Positive electrode
The cathode, or positive electrode, is characterized as the electrode where a reduction
reaction occurs. The reduction is a chemical process where a molecule gains one or
more electrons. A typical reaction for the positive electrode of a Li-ion battery is shown
below,
𝐿𝑖 + + 𝑒 − + 𝑀 ↔ 𝐿𝑖𝑦 𝑀
4

where y has the same definition as x used previously for the negative electrode but
instead refers to the cathode, and M denotes a metal oxide such as Mn2O4, FePO4, or
other compounds.
Depending on whether the battery is being charged or discharged, either electrode can
be the cathode or anode at a given instant. Nevertheless, the ‘positive’ or ‘negative’
electrode tags do not change depending on the direction of current flow. The positive
electrode always refers to the electrode with higher potential vs. Li/Li+, and the negative
electrode to the electrode with lower potential vs. Li/Li+.

Figure 1.1 Schematic diagram of a charge-discharge process in Li-ion battery.

c. Separator
A separator is an electrically non-conducting layer that helps in isolating two electrodes
of a battery to prevent a short circuit. It is permeable to ions but not electrons. The
separator is moistened with an electrolyte that forms a catalyst, which promotes the
movement of ions between two electrodes.
5

d. Electrolyte
The electrolyte is a liquid or gel solvent containing known dissolved salt, which acts as
an electronic insulator and ionic conductor at the same time. The primary role of the
electrolyte is to provide a transport medium for ions to transfer between the electrodes.
It should also prevent short-circuiting by acting as a physical barrier between the
electrodes, either alone in the case of a polymer or in the matrix it impregnates (the
separator) if a liquid.
As illustrated in Figure 1.1, during discharge Li-ions move from the anode and get
deposited into the electrolyte. The ions contained in the electrolyte diffuse through the
separator layer, to the cathode where they are accepted into the solid material. Transport
of Li-ions into the cathode solid material completes the oxidation-reduction reaction.
During charging, the process repeats itself in the reverse direction.

1.3

General Definitions

Here, some general terms are discussed that form the foundational understanding of
battery operation discussed throughout this thesis.

a. Capacity
The capacity of a battery is defined as the amount of charge stored within the battery
between specific voltage limits that are defined by the cell manufacturer. It is typically
measured using a cell charged to 100% state of charge (SOC) and allowed to reach
equilibrium followed by discharging the cell to the lower voltage limit using a constant
current. The capacity of a cell is directly related to the mass of active material it
6

contains, where the active material is defined as a component of the electrode solid
phase that can store Li-ion. Inactive material refers to all solid components such as the
conductive additives and binder that does not contribute to the storage.

b. Current
Current is defined as the electrical current produced by the intended oxidation-reduction
reactions that occur at the electrodes. The sign convention for current is that a discharge
current is positive i.e. when energy is supplied by the battery, and a charge current is
negative i.e. when energy is supplied to the battery. This arrangement follows the
thermodynamic sign convention for work.

c. Open-circuit voltage (OCV)
Open-circuit voltage of an electrochemical cell is defined as the voltage measured
across the battery terminals when no load is applied. That is, no current is being passed,
and all the macroscopic concentration gradients within the solid and liquid phases are
negligible. The open-circuit voltage depends on the battery state of charge, and it
increases with the increase in the state of charge. For Li-ion batteries, the OCV is an
important function of the total charge throughout the history of the battery.

d. Internal Resistance
Internal resistance is defined the immediate deviation from the equilibrium voltage that
occurs when a current is passed in an electrochemical cell. When internal resistance of
battery increases, the battery efficiency decreases, and most of the energy
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used/delivered by the battery is converted into heat resulting in a reduction of its
thermal stability.

e. Overpotential
Overpotential is defined as the magnitude of potential drop caused by the resistance to
the passage of current. It is the total voltage deviation from the equilibrium value at any
point in time.

f. Cycle Life
The cycle life of an electrochemical cell is defined as the number of charge-discharge
cycles the battery undertakes before it fails to meet specific performance criteria. Cycle
life is estimated by running the battery for specific charge and discharge conditions.
The operating life of the battery is affected by the rate and depth of cycles, and by other
non-operational conditions such as humidity and temperature.

g. C-rate
C-rate, also known as discharge rate, is a current magnitude specified as a multiple of
the cell capacity. For example, a 1C rate is the current required to fully discharge the
cell in a period of one hour. A 2C rate would take 1/2 hour to discharge, while a C/2
rate would take two hours to discharge.

8

h. State of charge (SOC)
State of charge is defined as the amount of charge stored in the cell at any instant in
time, normalized by the maximum amount of charge that may be stored by the cell
within the voltage limits. The factor of 100 is included as a conversion factor to a
percentage basis, but SOC can alternatively be defined as 0 < SOC < 1, with 0 meaning
completely discharged and 100 meaning fully charged.

1.4

Current Scenario

Since Sony first successfully marketed a commercial Li-ion battery in early 1990’s
consisting of lithium cobalt oxide as a cathode and graphite as an anode [12], Li-ion
batteries have replaced other energy devices based on different chemistries such as NiCd batteries and Ni-metal hydride batteries especially in the fields of portable electronic
devices. In the early period of Li-ion battery’s market, strategies related to how compact
cells are designed and how efficiently the space within the cells can be utilized have
driven Li-ion battery technologies toward obtaining high energy density. Now the phase
of markets is shifting from the early phase to the next phase as demands for higher
energy and power densities are escalating. Not just in the portable devices like in cell
phones and laptops, the demand for new-generation batteries is the need of an hour in
electric vehicles (EVs) and energy storage systems (ESSs) as a part for utilizing
renewable energies or of smart grids. The compact and efficient design of cell
construction of Li-ion batteries is not the only way to fully satisfy the current burden
on energy storage devices. In order to hasten the present move to the next phase,
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developing novel materials and engineering conventional materials at the nanoscale
have been the major lead on research and development of Li-ion batteries.
Because of high structural stability and the advantage of mass production in comparison
with other material, Lithium cobalt oxide (LCO) has been used as a cathode material
for the first commercial Lithium-ion batteries made by Sony. The theoretical capacity
of LCO battery is estimated to be 274 mAh g-1, but practically capacity in the range of
130–150 mAh g-1 is obtained, which is still better than most LIB cathodes [13].
However, the limited abundance of cobalt, high cost and most importantly safety issues
make LCO unfavored as cathode materials and have been recognized to be
disadvantageous. As a result, many studies have been focused on the development of
the cathode materials that make the power density, energy density, cycle life and safety
more efficient than that of LCO.
Among the existing cathode materials, lithium manganese oxide LiMn2O4 (LMO)
spinel has been studied extensively as a promising cathode material because of
following reasons:
i.

The raw materials are abundant and cheap

ii.

Its spinel structure provides three-dimensional (3D) Li-ion diffusion
highly desirable for high rate operations

iii.

Its characteristics are safe and environmentally benign

iv.

Its operating potential (∼4.1 V vs. Li/Li+) is among the highest within
stable potential windows for most common electrolytes.

Despite these advantageous properties [14–16], LMO shows fast capacity fading during
cycling especially at a higher temperature, which has been a one of the major hindrances
10

to its practical application. The problem has been ascribed to several possible factors
such as the dissolution of Mn2+ ions [17–21], Jahn-Teller distortion [22–30] and
decomposition of electrolyte solution on the electrode [31–37].

1.5

Thesis Scope

To better understand how electrode microstructure contributes to the electrode
performance, powdered LMO was prepared in different batches with different process
parameters using sol-gel synthesis method. The main differentiating parameters of the
batches fabricated and tested were calcination temperature (500oC, 600oC, 700oC and
800oC) and calcination time (3h and 10h). The resulting electrodes were characterized
using X-ray diffraction (XRD) and scanning electron microscope (SEM) in support of
efforts to understand the effects of process parameters on the electrochemical
performance of the electrode.
Simultaneously, the spinel LiMn2O4 (LMO) cathode material was prepared using a
template-assisted sol-gel synthesis method. This method involves soaking of
polycarbonate template membranes in the precursor solution followed by drying, to
remove the solvent. The dried templates containing precursor materials were etched in
an oxygen plasma to remove the template, and the nanostructured electrode formed was
then calcined to convert these nanostructures to spinel LiMn2O4.
Increasing calcination temperature and time of LMO powder was found to create a
better-defined spinel structure for the LMO. The template-assisted synthesis approach
yielded an electrode of well-defined nanotubules. Extending the template soaking time
was found to provide better definition of individual tubule structures. These
11

observations provide insight into process parameters relevant to electrode preparation
method with different process parameters using the sol-gel method.
This study is limited to the effects of variations of process parameters and its
understanding by analyzing the overall electrochemical performance. The result of
these electrochemical tests can give a better insight on the dependency of electrode
performance on the morphology as well as process parameters including soaking time
of membrane, calcination temperature and time.

12

CHAPTER II
UNDERSTANDING LITHIUM MANGANESE OXIDE (LMO) CATHODE

To know the current situation and issues related to spinel cathode materials of Li-ion
batteries, and the possibilities of improvement, a comprehensive review report on the
structure, Li-ion intercalation/de-intercalation, challenges, and modes of preparation of
LMO is provided.

2.1

Structure of cathode materials

The leading cathode materials for the Li-ion battery can be categorized into three types:
layered oxides, spinel oxides, and olivine phosphates. The layered oxides are best
represented by LiCoO2 [38] and LiNiO2 [39]. The structure of layer oxides is
isostructural to α-NaFeO2 and is composed of periodic layers of MO6 (M being a
transition metal) and LiO6 octahedral alternately stacked, as seen in Figure 2.1.
Phosphates, on the other hand, are well explained by LiFePO4, which has the olivine
structure seen in Figure 2.2. It has a theoretical specific charge of about 170 mAh/g.
However, its practical specific charge is about 130 mAh/g [40].
Li-ion extraction from LiFePO4 occurs in the form of a FePO4 growing a shell and a
shrinking LiFePO4 core [REF]. This insertion reaction is a two-phase reaction between
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FePO4 and LiFePO4. Each of these phases is highly stoichiometric with a very low
concentration of mixed-valence states, resulting in its poor electric conductivity [41].

Figure 2.1 Structure of LiCoO2 [42]

Figure 2.2 Structure of LiFePO4 [42]
14

The spinel cathode, LiMn2O4 is a promising positive electrode for Li-ion batteries [43]
as seen in Figure 2.3. Spinel oxides are compounds with general formula AB2O4,
where oxygen atoms form a face-centered cubic packing at 32e sites of Fd3m space
group [44,45]. The A cations occupy tetrahedral 8a location while the B cations are
located in the 16d octahedral sites. In LiMn2O4 spinel unit cell, there are eight Li,
sixteen Mn, and thirty-two O atoms. The Li+ ions predominantly dominate the
tetrahedral sites while Mn3+/ Mn4+ ions are situated in the 16d octahedral sites, in a
cubic closely packed array of O2- ions, located at the 32e sites [46]. In the spinel
structure, the 16c sites remain vacant. The 8a sites occupied by Li and 16c vacant sites
in LiMn2O4 spinel form a three-dimensional pathway, or channel, for lithiation and
delithiation. This stands in contrast to the more segregated planes of the LiCoO2
layered structure [47].

Figure 2.3 Structure of LiMn2O4 [48]
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The discharge process of LiMn2O4 proceeds in three steps, two around 4 V and the
other around 3 V, although usually only the 4 V plateau is used in battery applications
[25]. The Li-ion intercalation/de-intercalation process in LiMn2O4 spinel is a two-step
redox reaction, which can be shown as the following reaction [49]
𝐿𝑖𝑀𝑛2 𝑂4 ↔ 𝐿𝑖0.5 𝑀𝑛2 𝑂4 + 0.5𝑒 − + 0.5𝐿𝑖 +
𝐿𝑖0.5 𝑀𝑛2 𝑂4 ↔ 𝑀𝑛2 𝑂4 + 0.5𝑒 − + 0.5𝐿𝑖 +
The spinel Li1-xMn2O4 has a theoretical specific charge capacity of 148 mAh/g for x
= 0 to 1, however, the practical specific charge capacity of the material is about 115 to
125 mAh/g when cycled between 3.5 and 4.3 V vs. Li/Li+. For a cathode of Li-ion
battery, the capacity of the spinel cathode is about 10 % less than LiCoO2, yet
LiMn2O4 has a clear advantage in terms of cost, higher electrochemical potential, and
is relatively less toxic. The employment of LiMn2O4 as a positive electrode has been
restricted by its instability at elevated temperatures, however recent works have
demonstrated possible routes to overcome this weakness [15,50,51].

2.2

Li-ion intercalation and de-intercalation mechanism

During battery discharge, when Li-ions are inserted into the spinel cathode, the ions
occupy the octahedral 16c sites. As this site is face-sharing with the 8a tetrahedral, the
Li-ions in the tetrahedral site is immediately displaced into the vacant 16c site,
triggering a first-order phase transition [44,45]. With the increase in Mn-ion
concentration, a Jahn-Teller distortion also becomes significant. The crystal symmetry
transforms from cubic (c/a = 1.0) to tetragonal (c/a ~ 1.16), which imposes a
considerable strain on the individual spinel particles that ultimately results in a loss of
16

the active material, a process referred to as electromechanical grinding. During
charging when the Li-ions are removed from the LiMn2O4 structure; the unit cell
volume decreases progressively and isotropically, as the Li-ion concentration
decreases.

2.3

Challenge: Capacity Fade

Despite its merits, spinel LiMn2O4 has severe problem of rapid capacity loss during
charge/discharge cycling, especially at elevated temperatures. The capacity
deterioration of LiMn2O4 during cycling can be attributed to the following possible
factors:

i.

Dissolution of manganese:

At the end of each discharge, the concentration of Mn3+ arrives at its highest level i.e.
loss of Mn through disproportionation of trivalent Mn. The Mn3+ at the surface may
disproportionate according to reaction given below [52]
2𝑀𝑛3+ ↔ 𝑀𝑛4+ + 𝑀𝑛2+
The Mn4+ will remain in the solid and the Mn2+ leaches into the solution. This
dissolution is triggered by elevated temperatures [53]. This reaction is also dependent
on the acidity of the electrolyte, the choice of solvent and salt. Jang and Oh reported
the amounts of solvent-derived acid and dissolved Mn as a function of storage time in
different electrolyte systems [54]. They found that the extent of spinel dissolution is
salt dependent in the following decreasing order:
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𝐿𝑖𝐶𝐹3 𝑆𝑂3 > 𝐿𝑖𝑃𝐹6 > 𝐿𝑖𝐶𝑙𝑂4 > 𝐿𝑖𝐴𝑠𝐹6 > 𝐿𝑖𝐵𝐹4
Also, it is dependent on certain acidic electrolytes. For example, HF released from
LiPF6 will etch LiMn2O4 [46]. The dissolution of Mn2+ will not only result in the
electrochemical grinding of the active material but will also affect the anode by plating
on the anode, thus depleting the lithium content on the anode since reduction of Mn2+
will oxidize Li metal from the negative electrode (anode),
𝑀𝑛2+ + 2 𝐿𝑖𝐶6 → 𝑀𝑛 + 2 𝐿𝑖 + + 𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒

ii.

The Jahn-Teller effect:

The Jahn-Teller distortion is associated with the Mn3+ ion [22–24]. With insertion of
Li-ions, the average valence of manganese ions decreases, accordingly the average
manganese oxidation state becomes 3.58 [25] which leads to a pronounced Jahn-Teller
distortion [53]. As an effect from the Jahn- Teller effect the cubic spinel crystal
becomes distorted tetragonal, resulting in a thermodynamically unstable system, as well
as unit cell volume increase of 6.5 % associated with the cubic-to-tetragonal transition
[55].
Another mechanism, proposed by Thackeray and co-workers [56,57] as a variation of
mechanism, was the formation of a Li-rich surface on cycling, leading to a Jahn-Teller
transformation to the tetragonal Li2Mn2O4 phase and ultimately to Li2MnO3 by
dissolution of MnO. The electrode would incorporate extra Li in the outermost surface
layer, through the over-potential driving the electrochemical reaction during cycling.
Mn2+ is known to dissolve from the active electrode, here as MnO. On prolonged
cycling, the combined effects of overcharge and dissolution transform a significant
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amount of the electrode into Li2MnO3; this phase was detected by XRD measurements
[56]. The final reaction is:
𝐿𝑖2 𝑀𝑛2 𝑂4 → 𝐿𝑖2 𝑀𝑛𝑂3 + 𝑀𝑛𝑂

iii.

Loss of crystallinity [45,58], an increase in oxygen deficiencies or

oxygen loss upon cycling, and development of microstrains due to lattice mismatch
between two cubic phases formed on cycling, have also been suggested to be the source
of capacity fade [46].

2.4

Potential Solutions

i.

Doping:

Extensive research on doping with cations has been performed, and cations like Mg,
Co, Ni, Al, Ti, Cr, Fe, and Cu have been investigated as possible dopants [59–61].
Anode doping includes oxygen, iodine, fluorine and sulfur used as dopants [62,63].
Doping has its own advantages as well as disadvantages. The doping can increase Mnvalence and hence suppress the Jahn-Teller effect, lower structural change during
charge/discharge, improve the stability of the spinel frame, increase conductivity and
decrease the surface area resulting in decrease in contact area where active material can
react and dissolute into the electrolyte. The unwanted effects include a decrease in Mn
valence, a decrease in volume of the crystal unit of LiMn2O4 thus preventing
movement of Li-ion and a reduced capacity compared to un-doped LiMn2O4. Doping
with heteroatoms is generally considered to be a trade-off between cycle life and
capacity [64].
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ii.

Controlling the particle size:

Controlling particle morphology is also one way to reduce capacity fading of LiMn2O4,
where surface area can be reduced and particle size homogeneously distributed to
enhance electrochemical properties [46,52,55]. The surface area is important for
obtaining a good rate-capability as smaller grains, i.e. a larger surface area, will
facilitate faster lithiation/de-lithiation. However, the surface area of the material can be
related directly to capacity fade, as an increased surface area also increases the area of
electrolyte contact, and with the presence of HF acids in the electrolyte it causes a
significant quantity of Mn dissolution that ultimately attacks on the active material.

iii.

Surface treatment:

Surface treatment of LiMn2O4 has also been proved to reduce the manganese
dissolution. Oxide coating such as nano-SiO2, ZnO and CeO2 can effectively enhance
the electrochemical performance. Coating with Al2O3 has improved the stability of LiMn-O compounds while coating the cathode particles with Li2CO3 lower the acidity
of the system [65].
Metal coatings and surface treatment with other electrode materials can also have a
positive effect on the capacity fading as they mainly prevent the direct contact with the
electrolyte and improve the structural stability[66]. It works well in early cycles.
However, the impact significantly decreases with improving prolonged cycling.
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2.5

Different modes of preparation of LMO

This thesis work primarily focus on LMO preparation by sol-gel synthesis method.
However, a thorough review is done on some of the different preparation methods of
LiMn2O4, viz., solid state reaction, pulsed laser deposition, ultrasonic spray pyrolysis,
combustion-assisted sol-gel method, combustion process, and the colloidal templating
process, to help understand the relation between process parameter and its effect on the
characteristics of the cathode material. Such a study can effectively give an insight into
the kinetics and transport phenomenon of electrons and Li-ion, which can later
capitalize on evolving next generation high-power Lithium-ion battery.

i.

Solid State Reaction

Wan et al. [67] reported the synthesis of LMO via solid state reaction and, to avoid the
influence of foreign elements in the synthesis process, electrolytic manganese oxide
(EMD) is used with metal lithium. Preheated (120 oC, 2h) EMD is mixed with small
lithium metal blocks in an atomic ratio of Li/Mn = 1:2 and heated in a resistance furnace
in vacuum. The heating procedure was done stepwise. Initially, the rate was 2 oC/min
till furnace temperature reached 250 °C and then, the rate was increased to 5 oC/min.
The sintering temperature was kept at 750 °C and was heated for 2h. It was re-sintered
in air at 750 °C for 24h. Sharp diffraction peaks can be observed from XRD pattern of
LMO, suggesting that a pure phase spinel with high crystallinity is formed as shown in
the Figure 2.4. Also, no impurity peaks were observed.
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Fig. 2.4. XRD patterns of LiMn2O4 synthesized from metal lithium and EMD [67].

Cyclic voltammogram test was run in the potential region of 3.7V-4.35V, at a sweep
rate of 0.4 mV/s. Two couples of redox current peaks at 4.02/3.97 V and 4.19/4.08 V
was observed as shown in Fig. 2.5, corresponding to a two-step reversible intercalation
reaction in which the Li-ions occupy tetragonal 8a sites in spinel LixMn2O4 (x < 1) in
two steps.

Fig. 2.5. Cyclic voltammograms of LiMn2O4 electrode measured between 3.7 and
4.35 V. Scan rate = 0.4 mV/s [67].
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ii.

Pulsed Laser Deposition

Inaba et al. [68] prepared LiMn2O4 thin film by pulsed laser deposition method, and
observed the morphological change of film surface using electrochemical scanning
tunneling microscopy (STM). STM has an advantage over another microscopy (like
SEM) since it gives direct information on the electrode surface in solution, whereas
other are vulnerable to air and moisture. LiNO3 and MnO2 are mixed at a ratio of Li:Mn
= 0.7 and fired in an oxygen atmosphere at 450 oC for 24 h. The powder is pressed into
pellets and again sintered at 750 oC for 48 h. Pulsed laser deposition is conducted in a
vacuum chamber, and a thin film of cathode material is deposited on the Au substrate
heated at 600 oC for an hour. The thickness of the film deposited was about 0.3 µm.
XRD pattern showed a peak at 22.6o 2θ representing an adhesive tape used to fix the
film on the sample folder. The initial discharge capacity recorded was 115 mAh g-1 for
the charge/discharge test conducted at a constant current of 5.3 µA cm-2. From Fig 2.6,
cyclic voltammogram showed two couples of redox peaks which are characteristic of
the spinel LMO, and upon cycling peak broadened, and the separation became
significant, which may be the result of capacity fading.

Fig. 2.6. Cyclic voltammograms of LiMn2O4 thin film deposited on Au at 873 K for
1 h. The electrolyte solution was 1 M LiClO4 /PC. The scan rate was 1 mV s-1 [68].
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From STM, the original grain of LMO was observed to be 400 nm, but after 75 cycles
particle size decreased to 70 nm while the number of particles is increased. The
composition of the particles formed was not known, but it was reported to be have
formed from the solution through a dissolution or precipitation reaction.
The same research group [69] also worked on the fabrication of structurally ordered
electrode/ electrolyte interface to study the Li-ion transfer at the thin film LMO
electrode. They concluded that a high activation barrier exists at this interface. Thus,
reducing this activation barrier will optimize the rate performance of the Li-ion
batteries.

iii.

Ultrasonic Spray Pyrolysis

K. Matsuda and I. Taniguchi synthesized spinel LMO by ultrasonic spray pyrolysis
using a different set of precursor solutions [70]. The as-prepared powders were
differentiated on the basis of surface morphology and interior structure. This study
reports that the electrochemical properties of the powder significantly depends on its
interior structure, specific surface area and crystallite size of the LMO particle. A
stoichiometric ratio of salts of Li and Mn (nitrate, acetates) was dissolved in distilled
water. The solution has an atomic ratio of Li+/Mn2+ = ½, whereas the concentration of
metal ions is always kept 0.54 mol/dm3. The precursor solution was atomized by the
ultrasonic nebulizer. The sprayed droplets were moved to the reactor where it was
heated at 1073 K (800 oC) in the air by an electric furnace. The solid oxide particles
formed were collected at the exit by an electrostatic precipitator. XRD patterns of the
as-prepared LMO powder confirms that pure cubic spinel structure is formed without
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any impurity. The size of primary particles formed from this process was around ~10
nm.
The cycle performance of LMO particles with different interior structures was
examined. It was found out that the performance of denser particles and hollow particles
with thicker shell were similar, but the capacity fading for the hollow particles with
thinner shell became significant on cycling. Likewise, it was reported that smaller
specific surface area and the larger crystallite size of the particles gives better
cyclability for spinel LMO.

iv.

Combustion-assisted Sol-Gel Technique

Wu et al. [71] studied a combustion-assisted sol-gel technique where combustion of the
starting material, glycol, produces a large amount of heat which makes the temperature
rise very rapidly, resulting in early crystallization of spinel phase LiMn2O4. Citric acid
and glycol which acts as a chelating agent and a starting material respectively are added
to the stoichiometric amount of acetates of lithium and manganese. The mixture is
dissolved in de-ionised water and continuously stirred till brown gel was obtained while
heating it at 90 °C. The precursor gel was dried at 140 °C for 10h, followed by
calcination at a high temperature in air to form spinel LMO powder.
From the SEM images as shown in Fig. 2.7, it was seen that as the calcination
temperature and time is increased, the size of powder particle increased simultaneously.
The bigger particle size is explained to be caused by faster growth speed and longer
growth time.
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Fig. 2.7. SEM of the LiMn2O4 powders synthesized under various conditions: (a) 750
◦C, 4 h, (b) 800 ◦C, 4 h; (c) 800 ◦C, 10 h; (d) 850 ◦C, 4 h [71].

CV showed two couple of redox peaks which signifies the characteristic of spinel LMO.
The split into two peaks indicated that the Li+ insertion or de-insertion is carried out by
following two steps.
1 + 1 −
𝐿𝑖 + 𝑒 + 2𝜆 − 𝑀𝑛𝑂2 ⇔ 𝐿𝑖0.5 𝑀𝑛2 𝑂4
2
2
1 + 1 −
𝐿𝑖 + 𝑒 + 𝐿𝑖0.5 𝑀𝑛2 𝑂4 ⇔ 𝐿𝑖𝑀𝑛2 𝑂4
2
2
The discharge specific capacity is showed to be in direct relation to the calcination
temperature and time i.e. the capacity increases with the increase in calcination
temperature and time. This phenomenon is supposed to be caused by variation in the
amount of Mn3+ in LMO. The deintercalation of lithium ion from the spinel is presented
to have accompanied by an oxidation of Mn3+ to Mn4+. Thus, the existence of Mn3+ is
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said to have increased the insertion and de-insertion of Li+ ion from and into the host,
resulting in higher capacity. Also, large particles attributing higher calcination
temperature and time possesses lower internal resistance for Li+ ion extraction or
insertion and therefore, delivering higher capacity.

Fig. 2.8. The discharge specific capacity of LiMn2O4 calcined under different
conditions: (A) calcined at different temperatures for 4 h: (a) 700 ◦C;(b) 750 ◦C; (c)
800 ◦C; (d) 850 ◦C; (B) calcined at 750 ◦C for different time: (a) 1 h; (b) 4 h; (c) 7 h;
(d) 10 h [71].

From Fig 2.8, better rechargeabilty and cyclic behavior are shown by the powder
synthesized at different temperature (700 °C-850 °C) and time (4h-10h), except for one
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powder sample prepared at the calcination time of 1 h. This may have caused due to the
relatively poor crystallinity of LMO powder.

v.

Colloidal Templating Process

Tonti et al. [72] used colloidal templating process to prepare porous network of threedimensional nanocrystalline spinel LiMn2O4. Three-dimensional nanostructured
electrode provides increased surface area thus current densities are locally lower. Also,
short diffusion paths with higher surface area gives it additional structural stability. In
this method, poly [styrene-co-methacrilic acid] beads, monodispersed and 380 nm in
diameter, was used as a template. The colloidal precursor sol was made from mixing
1.3M LiNO3 and 2.6M Mn(NO3)2.H2O in ethanol solvent. The template was soaked for
24 hours at room temperature and heated at a rate of 0.5oC/min for 3 hour in a
temperature range of 500oC to 700oC.
Their study carried out thermal analysis combining gravimetric, differential analysis,
and mass spectroscopy to detect any endothermic or exothermic reactions involving
chemical synthesis or decomposition. Mass spectroscopy helped in identifying the
chemical constituents of the by-product of the reaction. From Fig 2.9, XRD data
showed the formation of α-Mn2O3 at the initial stage (70oC), and later increasing the
amount of β-MnO2 was found by increasing the temperature (180oC-240oC) upon
decomposition of Mn(NO3)2. At higher temperature, β-MnO2 disappears entirely,
whereas the residual α-Mn2O3 is converted into more stable LiMn2O4, which requires
higher temperature and longer duration. An impurity content of 10% α-Mn2O3 was
reported after 3h treatment at 700oC.
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Fig 2.9. XRD patterns of samples heated at increasing temperatures [72]
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CHAPTER III
EXPERIMENTAL METHODS

3.1

Fabrication

In this study, the spinel cathode material LiMn2O4 (LMO) was prepared using two
methods: sol-gel method for nano/micro-sized powder and template-assisted sol-gel
synthesis method for nanostructured LMO cathode. Before addressing the preparation
process, a short review of these preparation methods is discussed below.

3.1.1

Sol-gel method
i.

Definition

Sol-gel technology is a wet-chemical synthesis technique, which offers the possibility
to produce oxide gels, glasses, and ceramics at low temperature and relatively low
fabrication cost with the novel predefined properties in a simple process. The sol refers
to a colloidal solution made of solid particles few hundred nm in diameter, suspended
in a liquid phase. The gel can be considered as a solid macromolecule immersed in a
solvent. It is basically a chemical transformation process of a liquid (the sol) into a gel
state and with subsequent post-treatment (slow evaporation and calcination) and
transition into a solid oxide material, in our case, lithium manganese oxide. [73]
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Figure 3.1 Schematic representation of the different stages and routes of the sol-gel
method. [74]

ii.

Advantages and limitations

As mentioned earlier, the sol-gel method involves wet chemical synthesis of materials,
so the composition of the materials can be tailored at the molecular level. As a result,
stoichiometric homogeneous control of doping and other variations in composition is
easily achieved. The precursors, such as metal alkoxides, with very high purity are
commercially available, which makes it easy to fabricate materials with high quality.
It’s cost effective because the temperatures required in the process are low, close to
room temperature for the gel formation, and no delicate vacuum system is mandatory.
In general, the main benefits of sol–gel processing that attracts researchers are the high
purity and uniform nanostructure achievable at low temperatures.
However, solvents (such as alcohol and water) are involved in the process, so it’s not
appropriate for fabricating materials which are very sensitive to solvents. Furthermore,
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stress-induced cracks upon drying are not unusual and can’t be healed after
densification. Very careful attention is needed to avoid cracking when creating thin
films and other structures via the sol-gel process. Despite the disadvantages, the sol-gel
method is a very mild and flexible method for fabrication of materials that possess
properties not as easily attainable by other methods.

iii.

Literature reviews on Sol-Gel method

Many research groups use the sol-gel method for the preparation of spinel oxides
because of its low processing temperature, high chemical homogeneity, and capability
for controlling size and morphology of the particles. [75]
For the preparation of LiMn2O4 powder, Hwang et al. used sol-gel method with two
approaches, one using nitrates and other using acetates precursor. [76] Firstly,
manganese nitrate was dissolved in deionized water, and slowly lithium nitrate was
added to the solution with mild stirring. Citric acid, which acts as a chelating agent was
added to this solution at 1:1 molar ratio of the total metal ions. Ammonium hydroxide
solution was added to maintain pH of the mixed solution. The solution was then heated
at 80◦C for 4 hours with vigorous stirring and later dried at 100◦C for 10 hours in air
oven. To remove all the organic contents, the solution was fired at 300◦C for 6 hours in
air. Finally, the decomposed powder was ground and calcined at 600◦C in air at a fixed
rate of 1◦C /min. Similar procedure was repeated for acetates.
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Figure 3.2 XRD patterns of LMO precursor prepared from different metal ions
sources:(a) lithium nitrate and manganese acetate; (b) lithium nitrate and manganese
nitrate.
(* indicates Mn2O3 impurities) [76]

It was later concluded from the XRD pattern, shown in Figure 3.2, that LiMn2O4
powder synthesized by using acetate salts as raw material showed impurities (Mn2O3)
whereas nitrates gave pure LiMn2O4 powder.
Majchrzycki et al. reported the preparation of spinel LiMn2O4 with nanometric particles
when synthesized with graphene oxide-assisted sol-gel method. [77] This study showed
that the presence of graphene oxide (GO) affects the morphology of the resulting
LiMn2O4 spinel by reducing the average grain size of powder by one order magnitude,
to about 100 nm, even when calcination step eliminates it from the resulting product.
In another study, Yang et al. developed nanoscale LMO with the porous structure using
polymer-assisted sol-gel method, which showed higher cyclability as well as rate
capability. The porous structure helps in accommodating the volume change caused by
lithiation and de-lithiation during cycling and related Jahn-Teller distortion of the
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crystal structure. The nanoscaled particles were also thought to shorten Li diffusion and
electronic transport paths. [78]

3.1.2

Template-assisted synthesis method

i.

Definition

Template-assisted synthesis is a solution or colloidal dispersion-based process from
which advanced material with desired parameters can be prepared. The diameter, length
and density of nanorods and nanowires can be controlled independently. Moreover, it
is a less expensive, contamination free and environmentally benign method. The
template-assisted synthesis process mainly involves combining a precursor solution
with templates by impregnation or incorporation, forming solid species within the pores
of the template through reaction, nucleation and growth, and finally removing the
template and obtaining the nanostructured product. The employed materials in
template-assisted synthesis can be classified into two categories- hard templates and
soft templates. [79] As shown in Figure 3.3, hard templates have a well-confined void
in the form of pores, channels or connected hollow space whereas soft templates consist
of organic surfactants, polymers, or biological viruses having relatively flexible shape.

ii.

Types of membranes

Most commonly used membranes for template synthesis are anodized aluminum
membranes and radiation track-etched membranes. The anodized aluminum membrane
is prepared electrochemically from aluminum metal. Al sheet is oxidized in a solution
of sulphuric, oxalic, or phosphoric acid to obtain uniform and parallel pores that are
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arranged in a regular hexagonal array [79–81]. The track-etched membrane is prepared
by bombarding a non-porous sheet with nuclear fission fragments to create damage
track in the material. These tracks are then chemically etched into pores which are
randomly distributed in the membrane but are of uniform diameter [79–81]. The
commercially available

track-etched

membranes

are

typically

made

from

polycarbonate or polyester. The pore density of these types of template membranes can
be as high as 1011 pores/cm for porous alumina membrane while it is 109 pores/cm for
track-etched membrane.

Figure 3.3 Schematic depiction showing some typical examples of the hard and soft
template synthesis of electrode materials with diverse morphologies. [79]

iii.

Literature reviews on template-assisted synthesis method
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In a study of template-assisted synthesis [80], G. Cao and D. Liu discuss four groups
of template-assisted synthesis methods. First, electrochemical deposition or electrodeposition which entails oriented diffusion of charged reactive species through a
solution where an external field may be applied. This approach is only applicable to
electrically conductive materials, semiconductors, and electrically conductive polymers
and oxides. Second, electrophoretic deposition may be applied as a means of deposition
of ceramic and orgono-ceramic materials on a cathode from a colloidal dispersion.
Third, template filling which is conceptually straightforward, can be used by directly
template filling from a liquid precursor of the mixture. The main challenge in this
approach is the difficulty to ensure complete filling of the template pores. Lastly,
conversion of reactive templates can be applied to produce both nanorod arrays and
randomly oriented nanowires or nanorods.
Nanotubules and nanofibrils are obtained from template-assisted synthesis techniques
depending on the immersion time of membrane in precursor solution [79–85] and by
the temperature of sol [82]. In the case of direct template filling the resulting structure
depends on the interfacial adhesion and the solidification modes of the end product
[80]. If the adhesion between the pore walls and the filling material is weak, or
solidification starts at the center, solid nanorods are likely to form whereas when the
adhesion is strong, or the solidification starts at the interfaces and proceeds inwardly,
hollow nanotubules are likely to form. [80]
In a study of sol-gel template-assisted synthesis [82], Lakshmi et al. prepared TiO2
nanostructures by using titanium isopropoxide as a precursor molecule. Porous alumina
was used as template membrane, and it was soaked in the prepared sol for a specific
amount of time. After that, the membrane was dried in air for 30 min and then heated
at 400◦C for 24 h. Within the pores of the membrane, TiO2 tubules or fibrils were
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formed while TiO2 films formed on both the faces on the membranes. The film was
removed by polishing with 1500 grit sand paper. From SEM images it was found that
when the template was soaked for a brief amount of time i.e. for 5 s, nanotubules were
formed in the pores while nanofibrils were obtained when the soaking time was
increased to 60 s. Intermediate immersion time, i.e. of 25 s, produced nanotubules with
thick walls. In all of the above cases, the template was soaked in the sol maintained at
15◦C. It was also shown that when the sol temperature was reduced to 5◦C, thin walled
tubules were obtained even when the immersion time was raised to 60 s, while fibrils
were obtained when it was immersed for just a brief time of 5 s when the sol temperature
was increased to 20oC.
In preparing nanostructured MnO2 [84], Sugantha et al. mixed 3.8 g of KMnO4 with
0.7 g of fumaric acid. To this 2 ml of 2.5 M sulfuric acid and 100 ml of water was added
and the mixture was stirred vigorously. Ammonium hydroxide was added to this mixed
solution to maintain its pH at 3.5-4. After 20 minutes when the reaction solution turned
brown, an alumina membrane was immersed into the sol (immersion time was not
mentioned). The membrane was removed and dried in air for 30 minutes. An MnO4
layer, which was formed on the face of the membrane, was removed by polishing it
with 9 µm polishing paper. After which, the membrane was fired at 500◦C for 24 h.
This heat-treated template was dissolved in hot 6 M NaOH, and washed with water
several times and dried to obtain MnO2 nanofibres. Then through electrochemical
cycling, LixMnO2 was formed.

Compared with the materials prepared from the traditional form, materials produced
with template-assisted synthesis demonstrate smaller grain size and higher surface area
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[79,80,82–85]. Transport paths are shortened with the decrease in particle size and
reduce related restrictions on faster kinetics, e.g. yielding higher rate capabilities for
battery materials. Higher surface area gives increased contact between the active
material and the electrolyte, thereby providing more active sites for electrochemical
reactions. Also, template synthesized materials often demonstrate better cycling
performance because of morphological stability of the material, which alleviates the
structural damage caused by volume expansion during cycling.

3.2

Preparation method

As discussed earlier, the spinel cathode material was prepared using sol-gel method for
nano/micro-sized

LMO

powder

and

template-assisted

sol-gel

method

for

nanostructured LMO. The initial study followed the approach of Li et al. [86] and
further varied the process parameters to see corresponding changes in the
microstructural geometry as well as the crystal structure. Similar to Li et al. [86], a
template-assisted synthesis approach was applied using the same sol-gel precursors and
drying method, template membrane, RIE parameters, cleaning method of the wet
membrane, calcination temperature and calcination time in preparation of
nanostructured LiMn2O4 spinel. In our preparation method, modifications were made
on some of the processing steps keeping in view that these changes are not likely to
affect our initial test results much from Li et al. [86]. Since the calcination temperature
applied by Li et al. [86] was 500oC, we also considered replacing Pt foil substrate with
Al and SS304 foil, each of which can act as a cost effective current collector for Li-ion
battery cathodes.
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Commercially available IsoporeTM membrane filters with 0.4 µm pore size (EMD
Millipore) were used in the preparation of LiMn2O4 nanostructures. Anhydrous lithium
nitrate (99%, Alfa Aesar), manganese (II) nitrate tetrahydrate (≥97.0%, SigmaAldrich), and anhydrous methanol (99.8%, Sigma-Aldrich) were used as received.
Aluminum foil (Fisher Scientific) was wrapped around an alumina slab was used as a
substrate in the initial studies. Later, SS304 (McMaster-Carr) was used to study
nanostructured LMO at a higher temperature.

3.2.1

Powdered LMO

Sol-gel synthesis method was applied to prepare nano/micro-powdered lithium
manganese oxide spinel cathode material (as confirmed from SEM images). In this
process, manganese nitrate tetrahydrate and anhydrous lithium nitrate were added to a
pyrex beaker. Around 12-15 ml of methanol was added to bring the total volume of the
mixed solution to 25 ml, yielding a solution of 3M manganese nitrate tetrahydrate and
1.5M lithium nitrate. The solution was stirred until all the precursor particles in it were
dissolved. This solution was used for soaking the template membranes, as described
below. Once any soaked templates were removed from the precursor solution, the
remaining precursor was dried in an electric oven at 100o C for 6 h. After this
processing, a highly viscous mixture remained. Later, this solution was calcined at four
different temperatures: 500oC, 600oC, 700oC, and 800oC and at two different
calcination time, 3 h and 10 h. A heating rate of 5oC/min was applied. Hence, eight
different processed LMO powders were obtained.
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3.2.2

Nanostructured LMO

Along with powdered LMO, nanostructured cathodes were fabricated using templatedassisted sol-gel method. Polycarbonate template membranes were soaked in a solution
of 3M manganese nitrate tetrahydrate and 1.5M lithium nitrate for two different times
(24h, 72h). In order to maintain regularity, Al foil was wrapped around an alumina slab.
The soaked membranes were placed directly on this foil. The wet membrane provided
good adhesion between the membrane and the foil. The surface of these membranes
was wiped with the cotton swab wetted with the sol-gel solution. In order to remove the
solvent (methanol), the membranes were then dried in a preheated vacuum oven at 100o
C for 3 h. One more time the pores of the membranes were filled by applying 10 µl
drop of precursor solution across the membrane surface using an adjustable pipette. The
surface was wiped of excess solution with methanol wetted cotton swab and dried
again. Surface cleaning was performed before and after each drying step. The motive
for this cleaning was to remove a layer of deposited material sitting above nanotubules.
This layer was observed in SEM images taken from previous nanostructured LMO
preparation attempts. Similar films have been observed in the preparation of other
template assisted electrodes. [82,86,87]
Following soaking and drying, the template membrane was etched away in an oxygen
plasma (80W, 100 mTorr, 3 h) using Plasma-Therm 790 Series. After etching of the
template membrane, the nanostructured electrodes were calcined in air. Two different
calcination temperatures were applied, 500o C and 600o C, for two different calcination
times, 3h and 6h. A heating rate of 5oC/min was applied when heating the samples to
the calcination temperature. This process helps to convert the dried and etched
nanostructures to spinel LiMn2O4 [86]. Using the different process parameters
described above eight different sets of LMO nanostructured electrodes were produced.
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3.2.3

Cathode preparation

Figure 3.4 Fume hood

Thin film LMO cathodes were also fabricated on Al and stainless steel (SS304)
substrates by first preparing a mixture of ~6 wt. % polyvinylidene fluoride (PVDF)
binder in N-methyl-2-pyrrolidone (NMP). Another mixture was prepared of 80 wt. %
LMO nano/microstructured powder and 10 wt. % C black (acetylene, 99.9+ %) by
mixing them in a vortex mixer. The NMP-binder mixture was added to the LMO/carbon
mixture such that the binder constitutes 10 wt. % of the total weight of the mixture.
Thus, the weight of LMO active material, C black and NMP-binder are in the ratio of
8:1:1 in the mixture. The final mixture was transferred to a glass vial and later mixed
at maximum speed in the vortex mixture for several hours. Zirconia balls of 5 mm dia.
were used as grinding media for better mixing. NMP was added incrementally to obtain
a slurry of required consistency. Once this slurry was developed, it was spread
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uniformly on the substrates using a single-edged razor blade. The coated substrate was
later dried in vacuum at 100C for 2 hours to obtain thin-filmed cathode. This fabrication
procedure followed the approach of Kayyar et al. [88].

Figure 3.5 (i) Vacuum dried Al strip with LMO cathode; (ii) 10x magnification image
of ½” dia. cathode punched

3.2.4

Cell Set-up

Two test cell set-ups were developed to perform electrochemical testing on the
laboratory prepared LMO cathode. The tests were run on a BioLogic Science
Instruments VSP Modular 5 channels Potentiostat/Galvanostat with a potential range
between 2.0 V and 4.3 V and current 0.5 mA. The main components of the test cells
were Li foil, which acts as an anode, Cellgard separator (MTI corporation; pore size=
0.21 x 0.05µm; porosity= 39%), 1.0 M LiPF6 in DEC electrolyte (ALDRICH, battery
grade) and LMO cathode on Al substrate, which acts as a current collector. The entire
assembly was done in the argon-filled glove box, Figure 3.6, before flushing the transfer
chamber five times with argon gas to maintain an inert atmosphere.
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Figure 3.6 Glove Box

Figure 3.7 Cell setup; (A) Test cell; (B) SWAGELOK cell

3.3

Characterization
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3.3.1

X-ray Diffraction

X-ray diffraction (XRD) was used to examine and compare the phase purity and
crystallinity of the differently processed LMO nano/micro-sized powdered electrode
materials. In XRD, the X-ray waves interact with the electrons of the atoms of a
crystalline material, in this case the LMO spinel, resulting in a diffraction pattern.
Constructive interference occurs when the incident beam interacts with the crystalline
plane at a given angle Θ. The detector receives a set of interference signals at different
angles, Θ, which correspond to the lattice spacing of the material based on Bragg’s law:
n λ = 2d sin Θ
Where d is the distance between two atomic planes (lattice spacing), n is an integer
called the order of reflectance, λ is the wavelength of the electromagnetic radiation, and
Θ is the angle between the incident beam and the normal vector of the reflecting
crystalline plane. The lattice spacing, d, is characteristic and therefore can be used to
identify crystal structure and, when elemental constituents are known, chemical
composition.
The diffraction pattern of a crystal includes both the positions and intensities of the
diffraction effects and can be seen as the fingerprint of the substance, providing a rapid
identification. Analysis of the positions of the diffraction effects leads immediately to
a knowledge of the size, shape and orientation of the unit cell. [89]
In this study, X-ray diffraction patterns were obtained by employing Cu-Kα radiation
using Rigaku MiniFlex 600 XRD system, Figure 3.8. This system consists of an X-ray
diffractometer, a data acquisition system, and a chiller for maintaining appropriate Xray generator temperatures. The PDXL software package (Rigaku) was used to analyze
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the XRD patterns. Automatic peak processing, phase identification, Relative Intensity
Ratio (RIR), and Rietveld analysis were performed using this software.

Figure 3.8 Rigaku MiniFlex 600 X-ray diffraction system

3.3.2

SEM

In scanning electron microscopy (SEM) the sample surface is scanned with the use of
a primary electron beam. Depending on the sample material and the set accelerating
voltage, different excitation volumes occur. Depending on the penetration depth of the
electrons, different secondary products are created. For the imaging, the secondary and
backscattered electrons are mostly used. The secondary electrons occur through
inelastic scattering of the primary electrons at the atom nucleus or at the electrons in
the atomic shell. [90]
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Figure 3.9 LEO 1550 Scanning Electron Microscope

In this work, all SEM imaging was performed on LEO 1550 SEM, Figure 3.9, available
in the Nano and Micro Devices Center (NMDC) at UAH. SEM images of the
nanostructured LMO electrodes were taken by directly placing the Al-wrapped slab
with electrodes on the sample stage, whereas for the nano/micro-sized powder, MUNG
thermal paste (an electrically and thermally conductive paste made up of finely divided
silver powder blended into vacuum grease) was used to hold it on the sample holder.

3.3.3

Galvanostatic Cycling with Potential Limitation

The LMO cathodes were tested with the SWAGELOK cell setup using Galvanostatic
Cycling with Potential Limitation (GCPL) technique on a BioLogic Science
Instruments VSP Modular 4 channel Potentiostat/Galvanostat. This technique
corresponds to battery cycling under constant current mode with controls applied to
limit the overall cell voltage within a specified range. Half-cells were tested using the
LMO cathodes as the working electrode and Li foil as the counter electrode. The
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reference electrode was also connected to the Li foil. The potential range of cathode
and anode material was kept between 4.3V and 2.3V and the constant current imposed
was 0.1 mA. The batteries were cycled, and the electrochemical performance results
were studied on EC-Lab® software.

Figure 3.10 BioLogic Science Instruments VSP Modular 5 channels
Potentiostat/Galvanostat shown with connected test cells. A low profile DAQ
computer is situated behind the monitor.
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CHAPTER IV
RESULTS

4.1

4.1.1

Physical Characteristics

X-Ray Diffraction (XRD)

Figure 4.1 shows the XRD pattern of powdered LMO calcined at 500oC for 3h. The
pattern matched the characteristic peaks of LMO but had impurity peaks related to the
presence of Mn2O3. Impurity peaks corresponding to Mn2O3 were found at 2-theta
23.04, 32.88, 38.17, 49.29, 55.14 and 65.76. These peaks are highlighted with the
asterisks in Figure 4.1. The intensity of these impurity peaks was reduced as the
calcination temperature and time were increased as shown in Figure 4.2, which
corresponds to LMO powder calcined at 800oC for 10h. Similar improvements in the
composition and structure of LMO electrodes have been observed when increasing
calcination time and temperature [72]. Figure 4.3 shows four sets of XRD pattern
corresponding to the temperatures. Each temperature set has two different XRD
patterns, with the set closest to the 2θ axis corresponding to calcination time of 3h and
later to calcination time of 10h.
Quantitative analysis was performed on the XRD data using two quantification
methods: relative intensity ratio (RIR) and pattern fitting with Rietveld refinement were
performed using PDXL. Table 1 shows the result of quantitative analysis using the RIR
and Rietveld refinement methods to calculate the percentage of LMO and impurity
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Mn2O4 in LMO powder. As the calcination temperature and time is increased, the
percentage of LMO in the powder increased. Thus, it can be concluded that higher level
of crystallinity and purity of LMO is obtained at high temperatures.
% of LMO

% of Mn2O3

T
o
( C)

Time
(h)

RIR

Rietveld

RIR

Rietveld

500

3

79.9

79.3

20.1

20.7

500

10

78.6

79.5

21.4

20.5

600

3

80.2

84.3

19.8

15.7

600

10

87.1

86.8

12.9

13.2

700

3

86.2

89.7

13.8

10.3

700

10

89.6

89.8

10.4

10.2

800

3

90.2

92.2

9.8

7.8

800

10

98.1

98.1

1.9

1.9

Table1. Composition of the LMO powder as a function of calcination temperature and
time as characterized using RIR and Rietveld refinement methods.

49

Figure 4.1 XRD pattern of LMO powder calcined in air at 500oC for 3 hours. Features of the spinel structure are observed along with peaks (*)
related to Mn2O3.
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Figure 4.2 XRD pattern of LMO powder calcined in air at 800oC for 10 hours
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Calcination
Time

Figure 4.3 XRD pattern of LMO powder calcined in air at multiple temperatures and times. Features of the spinel structure are observed along
with peaks related to Mn2O3. Intensity of the Mn2O3 peak decreases with increased temperature and time.
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4.1.2

Scanning Electron Microscope (SEM)

In addition to the crystal structure, the morphology of the electrodes was investigated
using SEM. Although no particular differences were found from studying the
morphology of LMO powder, it confirmed that nano/micro-sized powder was obtained
using the sol-gel method. No grinding was performed on the samples, so significant
agglomeration of smaller particles can be seen. In some cases this agglomeration may
be increased for the 10 hr calcination time. For example, the central panels in Figures
4.4 and 4.5 show agglomerates of size ~3 μm and ~10 μm. However, further
quantitative image analysis would be needed for a definitive comparison. In general,
this agglomeration may likely prove detrimental to the rate capability of the cathode
material.
When template-synthesized nanostructured electrodes were studied under SEM, a thin
layer of deposited material was observed on the nanostructured electrode. A plausible
reason for this unwanted layer is believed to be the agglomeration of the precursor sol
on the surface, which has been observed in other systems [82,87]. To overcome this
problem, the soaked membrane was cleaned using cotton swab before and after drying.
The results were not adequate for the batch soaked for 24 h, but better film removal
was seen in SEM images were for the template soaked for 72 h as shown in Fig. 4.12.
Instead of heavy agglomeration fairly well defined structures are observed. It is possible
that the template with longer duration of soaking more thoroughly filled the pores of
the membrane or allowed more time for the formation of LMO particles within the
pores, providing more stable structures. While Li et al. generated tubular structures with
a 24 h soaking time, it is possible that the longer treatment time generated either rods
or tubes with thicker walls.
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Figure 4.4 SEM images of LMO powdered calcined at 500oC for 3 hours
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Figure 4.5 SEM images of LMO powdered calcined at 500oC for 10 hours
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Figure 4.6 SEM images of LMO powdered calcined at 600oC for 3 hours
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Figure 4.7 SEM images of LMO powdered calcined at 600oC for 10 hours
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Figure 4.8 SEM images of LMO powdered calcined at 700oC for 3 hours
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Figure 4.9 SEM images of LMO powdered calcined at 700oC for 10 hours
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Figure 4.10 SEM images of LMO powdered calcined at 800oC for 3 hours
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Figure 4.11 SEM images of LMO powdered calcined at 800oC for 10 hours
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Figure 4.12 SEM images nanostructured LMO electrodes soaked for 24 h (left) and 72 h (right). Greater separation between the nanotubules is
observed for increased soaking time.
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For the LMO powder, when the calcination temperature and time was increased, the
intensity of the characteristic peaks for LMO on the XRD pattern increased. This
change can be attributed to the better crystallinity of spinel LMO. Impurity peaks
corresponding to Mn2O3 also diminished with the increase in calcination temperature
and time, indicating superior purity of LMO. These effects require consideration in the
selection of the substrate when performing template-assisted synthesis. In the present
studies, Al was selected for its cost and applicability as a practical current collector for
Li-ion cathodes. Cost effective materials that may withstand higher calcination
temperatures may be considered to yield better-defined crystal structure. For the
electrodes produced using the template-assisted sol-gel technique, when the duration of
soaking time was increased not only were better defined structures formed but also the
agglomerated layer on the strucutres appeared to be removed.

4.2

Electrochemical Characteristics

The LMO cathodes calcined at 500oC and 800oC for 10hr were tested with the
SWAGELOK cell setup using Galvanostatic Cycling with Potential Limitation (GCPL)
technique on a BioLogic Science Instruments VSP Modular 4 channel
Potentiostat/Galvanostat. The potential range of the battery was kept between 2.3 V and
4.3V and the constant current imposed was 0.1 mA. The batteries were cycled for 100
cycles and the electrochemical performance results were studied on EC-Lab® software.

63

Figure 4.13 Discharge capacity vs. cycle number for LMO calcined at 500oC and
800oC for 10hr

LMO calcined at 800oC for 10hr shows better cyclic life than LMO calcined at 500oC
for 10 hr as shown in the Fig. 4.13. After 100 cycles, the discharge capacity decreased
by 7% of the original value for higher calcined LMO cathode while the lower calcined
LMO cathode could retain only 77% of the original value after 100 cycles. Such a
behavior can be attributed to higher crystallinity and purity of LMO calcined at 800 oC
for 10h as seen from the XRD pattern.
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CHAPTER V
CONCLUSION AND FUTURE WORK

5.1

Summary

The primary goal of this study was to demonstrate how process parameters and
microstructural geometry can affect the overall performance of spinel cathode materials
for Li-ion batteries. While working toward this goal, different sets of lithium
manganese oxide (LiMn2O4/LMO) were prepared using sol-gel method at different
range of calcination temperatures (500oC-800oC) for different calcination time (3hr and
10hr). The resulting electrodes made from LMO powder were characterized using Xray diffraction (XRD) and scanning electron microscope (SEM) in support of efforts to
understand the effects of process parameters on the electrochemical performance of the
electrode. XRD helped in analysing the crystallinity and purity of LMO fabricated,
while SEM images showed the morphology of powdered LMO prepared at different
process parameters. Galvanostatic Cycling with Potential Limitation (GCPL) test was
performed on LMO calcined at 500oC and 800oC for 10hr to understand electrode cycle
life.
Simultaneously, the nanostructured LMO was prepared using a template-assisted solgel synthesis method. This method involves soaking of polycarbonate template
membranes in the precursor solution followed by drying, to remove the solvent. The
dried templates containing precursor materials were etched in an oxygen plasma to
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remove the template, and the nanostructured electrode formed was then calcined to
convert these nanostructures to spinel LiMn2O4. This fabrication approach involved
soaking of membrane for different time (24hr and 72hr) to understand its effects on the
definition of individual tubule structures, which is studied under SEM.

5.2

5.2.1

Conclusion

XRD data

This study concluded that with the increase in calcination time and temperature, the
impurity phase of Mn2O3 is progressively reduced as seen from XRD patterns of the
LMO powder. XRD pattern also shows that the crystallinity and purity of LMO
increases linearly with the increasing calcination time and temperature.

5.2.2

SEM data

Although no particular differences could be seen from the SEM images of different sets
of LMO powder, it can be concluded that nano/micro-sized LMO powder is obtained
using sol-gel synthesis method. However, no grinding was performed on the samples,
so significant agglomeration of smaller particles can be seen. It is possible this
agglomeration was increased with increase calcination time.

5.2.3

Cycle Life

GCPL test showed that LMO calcined at 800oC for 10hr displayed better cyclic life
than LMO calcined at 500oC for 10hr. After 100 cycles, the discharge capacity retained
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by higher calcined LMO cathode was 93% of the original value, while the lower
calcined LMO cathode could retain only 77% after 100 cycles. Such a behavior can be
attributed to higher crystallinity and purity of LMO calcined at 800 oC for 10h as seen
from the XRD pattern.

5.2.4

Nanostructured Electrode

For nanostructured electrodes obtained using template-assisted sol-gel method, it can
be concluded that longer duration of soaking of template membrane in the sol
thoroughly fills the pores and significantly reduce the deposited layer on the
nanotubes/rods. These observations provide insight into process parameters relevant to
electrode preparation and substrate selection when producing nanostructured electrodes
using template–assisted methods, particularly with respect to selection of substrates that
can withstand higher calcination temperatures.

5.3

Future Work

This study mainly dealt with thin-filmed nano/micro-sized LMO powder electrode. The
future work would be to compare these electrodes with nanostructured LMO electrode
obtained using template synthesis method and study its characterization. Different
substrates can be used instead of Al for cathode, whose low melting point limits it for
higher temperature application. Stainless Steel is a potential cost effective substitute.
SEM images prior to electrochemical testing were obtained. The future work would be
to see the cycled nano/micro-sized thin-filmed electrode under SEM to study the result
of cycling on the morphology of powder.
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